A representative sample of 130 European traditional maize populations was analysed for both their morphological and molecular variation. The morphological analysis of 19 variables revealed a signi®cant variability. Correlation analysis allowed us to distinguish between traits aected by earliness (plant and ear height) and structural traits (plant architecture, grain structure). Two main morphological types could be distinguished. Molecular analyses were performed for 29 RFLP loci on DNA bulks. The number of alleles detected was high when compared to previous studies (9.59 alleles per locus). Genetic diversity was also high (0.55), with a strong dierentiation between populations (G ST value of 35.6%). A clear relationship between the genetic diversity of the populations and their agronomic performances was highlighted. Morphological and molecular distances showed a tendency towards a triangular relationship. We therefore considered a two-phase process to be the most ecient approach for the classi®cation of genetic resources: ®rstly, a molecular study to de®ne groups of genetically close populations, and secondly a morphological description of populations from each group. In our European collection, this approach allowed us to separate the populations from Northern and Southern Europe and to de®ne six groups of genetically close populations, comparable to European races. This study opens new prospects concerning the molecular analysis of very large collections of genetic resources, hitherto limited by the necessity of individual analyses, and proposes a ®rst molecular classi®cation of European maize germplasm.
Introduction
Starting from early domestication in Mexico, maize was introduced into many regions worldwide, becoming adapted to highly contrasting climates and agronomic conditions. Its is now clearly established that it was ®rst introduced into Europe following the discovery of the New World in 1492. Contrasting variety types were then progressively cultivated in several European regions. After the Second World War, maize hybrids rapidly replaced traditional populations in most European regions. In order to avoid loss of genetic variability, many maize collections were established in dierent countries. It is important to characterize the genetic diversity of these collections in order to optimize conservation and facilitate their use. Furthermore, this characterization is necessary for the historical understanding of the introduction of maize in Europe.
Morphological descriptions of some of these collections were carried out in the 1960s in Spain, Italy, Yugoslavia and Romania (see for review Brandolini, 1970) . Thereafter, other authors reported descriptions of populations from Portugal (Costa- Rodrigues, 1971) , France (Gouesnard et al., 1997) and northern Spain (LlauradoÂ & Moreno-Gonzalez, 1993) . Several authors were also interested in classi®cation of populations on a European scale. Nevertheless, the relevance of morphological characters for the classi®cation of populations appears limited, particularly because of the eect of environment on the expression of characters. The evaluation of diversity at individual loci overcomes these problems. Historically, isoenzymatic markers were ®rst used, and allowed the analysis of dierent samples of European populations (Salabounat & Pernes, 1986; Geric et al., 1989; Lefort-Buson et al., 1991; GarnierGeÂ reÂ , 1992; LlauradoÂ et al., 1993; Revilla et al., 1998) . Subsequently, DNA markers, particularly RFLPs, were used. This allowed the classi®cation of maize inbred lines within heterotic groups (Melchinger et al., 1991; Livini et al., 1992; Dubreuil et al., 1996) . RFLP was more eective than isoenzymes for the analysis of maize populations (Dubreuil & Charcosset, 1998) . In order to use RFLPs for the analysis of large samples of populations, a DNA pooled-sampling strategy was developed (Dubreuil et al., 1999) . This method was tested and proved ecient for the analysis of maize populations (Rebourg et al., 1999) , therefore providing a convenient tool for the molecular analysis of large collections of populations.
The aim of this study was to evaluate the potential of this approach for obtaining a better understanding of European maize diversity. We analysed 131 European populations, carefully chosen to represent European origins, in order to de®ne the most important European types. Besides the molecular analysis, these populations were evaluated for morphological and agronomic traits in order to compare molecular and phenotypic descriptions. This comparison allowed us to evaluate the best way to combine information in a comprehensive approach.
Materials and methods

Genetic material
We analysed a sample of 131 European maize populations. The INRA-PROMAI È S maize gene bank (Groupe MaõÈ s DGAP-INRA & PROMAI È S, 1994) supplied the majority, while other European institutes provided the others (Table 1) . We tried to obtain a representative sample of populations for each country. Unfortunately, the sample was limited in some cases. The analysis was carried out on 37 South-Western European populations (36 from Spain and one from Portugal), 32 French populations, 16 Italian populations, 32 North-Eastern populations (13 from Germany, one from Switzerland, ®ve from Czechoslovakia, eight from Poland, two from Austria and three from Ukraine) and 14 South-Eastern European populations (four from Hungary, three from Romania, four from Yugoslavia and three from Bulgaria). For some countries, we classi®ed populations according to the region of origin (see`origin' in Table 1 ).
Morphological analyses
In 1998, all the populations were sown at two INRA maize stations, Mauguio (Southern France near Montpellier) and Le Moulon (Northern France near Paris). German population 23 did not sprout, so that 130 European populations were ®nally analysed. The populations were distributed into four earliness groups (based on preliminary observations performed in 1997) and randomized within groups. The experimental design had two replicates in each location, with a one-row plot of 25 plants each. The sowing density was 74 000 plants per ha at Le Moulon and 58 000 plants per ha at Mauguio.
We measured for each plot 26 morphological traits taken from 10 competitive plants, and from two kernels per ear. The kernel texture was noted on initial seeds with a scale from 1 for¯int to 4 for dent. These primary traits were used to de®ne 19 descriptors (Table 2) . Thē owering date was converted into accumulative degreedays as:
where n is the number of days from sowing to¯owering, TX d and TN d are, respectively, the maximum and minimum temperatures (°C) of day d, Tb (6°C) is the critical temperature under which development is stopped (Bonhomme et al., 1994) . The ear shape was estimated using the conicity index de®ned by Ordas & De Ron (1988) .
We performed analyses of variance in order to test the signi®cance of variation between populations. These analyses allowed us to estimate genotypic and environmental variances, as well as the heritability of each morphological trait. A Principal Component Analysis was carried out on the phenotypic correlation matrix of the adjusted means of the populations for the 19 descriptors (Table 2) , using the FACTOR FACTOR procedure from SAS SAS (SAS Institute, 1990) . The matrix of distances between populations was calculated upon the standardized principal components with eigenvalue higher than one. We used the Euclidean distance called Mahalanobis generalized distance' de®ned by Goodman (1972) as:
where Y ik and Y jk are the values of principal component k for populations i and j, respectively, and k k is the eigenvalue of principal component k. K is the total number of principal components considered.
Molecular analyses
RFLP assays were carried out using a DNA pooledsampling strategy described more fully in Dubreuil et al. (1999) and Rebourg et al. (1999) . Each population was represented by 30 plants, using two DNA bulks each extracted from leaf disks of 15 individuals. DNA was extracted according to Tai & Tanksley (1990) . DNA samples were digested separately with three restriction enzymes (EcoRI, HindIII and EcoRV) and submitted to electrophoresis according to the Southern Blot procedure described by Sambrook et al. (1989) . Separate DNA fragments were then vacuum transferred from gels to nylon membranes. We used 15 UMC (University of Missouri, Colombia, MO) genomic probes, eight BNL (Brookhaven National Laboratory, Upton, NY) genomic probes, two NPI (Native Plants Inc., Pioneer Hi-Bred International) genomic probes and two cDNA clones. Seven probes were assayed with EcoRI, 13 with HindIII, ®ve with EcoRV and two with both EcoRI and HindIII, so that we ®nally analysed 29 probe± enzyme combinations. DNA probes were radiolabelled with 32 P-dCTP by random priming synthesis (Feinberg & Volgenstein, 1983) . Hybridization was performed as described by Church & Gilbert (1984) . After washing, nylon membranes were exposed to autoradiographic ®lms.
All autoradiographic ®lms were scanned. The ratio of the optical density of each band to total optical density of bands from the same lane was estimated using image analysis software (RFLPscan, Scanalytics). Probes were chosen that detected single loci and yielded a single band pattern, so that the ratio estimated for a band could be interpreted as the allelic frequency of an allele. For each population, we estimated allelic frequencies by the average frequencies of the two DNA pools representing this population (Fig. 1) . The accuracy of this approach was established in preliminary experiments (Dubreuil et al., 1999) .
Nei's unbiased genetic diversity (Nei, 1978) was computed for each locus (H el ) and for all the loci (H e ) as
where p al is the frequency of allele a at locus l in the whole sample, A l is the number of alleles detected at this locus, L is the total number of loci analysed and n l is the number of individuals characterized for locus l. Genetic diversity within a given population i was estimated similarly at each locus (H i wl ) and for all loci (H i w ). In this case, p al is the frequency of allele a at locus l within the population i considered and A l is the number of alleles detected at this locus within this population. The mean of within-population diversity among the total sample was then estimated by " H w 
Results
Morphological variation: distribution of variables
Populations displayed dramatic variation for earliness, plant architecture traits, tassel traits, and ear and kernel characteristics, with the exception of kernel texture and cob colour that were, respectively,¯int and white for most accessions. Consequently, high heritability values were observed for most traits (Table 2) . Relationships between traits were investigated using graphs, correlation coecient estimation and principal component analysis. The ®rst four principal components (PC) accounted for 70.6% of the total variation (Table 3 ). In the ®rst PC (28.2%), the most important traits were earliness and correlated traits (plant height and ear height, number of tassel primary branches). Ear diameter and kernel length also appeared important. In the second PC (19.2%), predominant traits were the ear length, correlated with the tassel length, the kernel width and associated traits (kernel weight and number of ear rows). The third PC (14%) described variation in the traits relating to the shape of ear (ear length and conicity), plant architecture (husk-leaf length and tillering) and ear kernel number. In the fourth PC (9.2%), predominant traits were the proportions of central spike and branched part in total tassel length.
Morphological variation: variation among populations and geographical origins
The 130 populations were plotted in a plane de®ned by the ®rst two PC which accounted for 47.4% of the total variation (Fig. 2) . This representation distinguished different groups with particular morphological characteristics and highlighted a relation between geographical Fig. 2 ) were tall and late whereas the populations originating from North-Eastern Europe, mainly from Germany (group G), Austria (A) and Czechoslovakia (C) were shorter and earlier. Polish populations also appeared rather early. Axis 2 separated the populations according to kernel size and number of ear rows. It distinguished in particular the Italian populations (group I), as well as the Ukrainian (U) and Rumanian populations (R), which were characterized by many ear rows and very small kernels. The plot also illustrated the distinctiveness of French Alsatian populations (group FA) when compared to other French populations (groups F and FP).
Molecular analysis: structure of polymorphism
Number of alleles A total of 278 alleles was recorded within the collection for the 29 probe±enzyme combinations. The number of alleles appeared highly dependent on the locus and varied from three (UMC47/EcoRI and UMC132/EcoRV) to 18 (SC322/EcoRI and BNL6.06/HindIII) with an average value of 9.59 alleles per locus (Table 4) . Within-population mean number of alleles varied between populations from 1.17 (German population 29) to 3.52 (Polish population 137) with an average value of 2.50. Within-population number of alleles represented 26% of total number of alleles and therefore appeared restricted when compared to total variation. Hierarchical analysis of the number of alleles showed that dierentiation (i) between geographical groups (i.e. South-Western Europe, France, Italy, North-Eastern Europe and South-Eastern Europe) (ii) between countries within groups and (iii) between populations within countries represent, respectively, 28%, 10% and 36% of total number of alleles. Those observations illustrate a clear structure for the number of alleles at these dierent levels.
Diversity Total diversity varied highly with the locus (Table 4) . Average values for total and within-population diversity were 0.550 and 0.354, respectively. The corresponding G ST value of 0.356 illustrated a high relative dierentiation between populations, within-population variation representing 64% of total diversity. Dierentiation (i) between geographical groups (i.e. South-Western Europe, France, Italy, North-Eastern Europe and South-Eastern Europe) (ii) between countries within groups and (iii) between populations within countries represent, respectively, 6%, 3% and 27% of diversity.
Molecular analysis: relationships between populations
Cluster analysis of the molecular data ®rst underlined a major dierentiation between populations from Northern and Southern Europe (groups A and B in Fig. 3 ). Group A included primarily populations of the North of Europe, i.e. the populations from France (centre) and Alsace, from Germany, Austria, Switzerland, Poland, Ukraine, Czechoslovakia, Hungary and Rumania. It was divided into two groups A1 and A2. The A1 group included mainly the German and Alsatian populations, referred to as`German Flint'. The group A2 was called`North-Eastern European Flint'. Group B consisted of populations originating from lower latitudes, i.e. populations from Spain, from the Pyrenees, from Italy or from Bulgaria. It was separated into two subgroups B1 and B2. The group B1 itself regrouped two sets: the`Italian Orange Flint' (B1b) and various`Southern European Flint' (group B1a, constituted of populations from southern Spain, Italy and Bulgaria). The B2 group is a very homogeneous group made up of the populations from Galicia 1 and the Pyrenees, the`Pyrenees-Galicia Flint', except for a small subset (B2a) which we call the`Czechoslovakian type'. This classi®cation into six groups explained 42% of the variation observed.
Comparison between molecular and morphological variation
Relationship between heterozygosity and performance was investigated through the comparison of diversity and morphological traits or agronomic characteristics. Signi®cant positive 2 correlations were observed between diversity and the height of the plants or between diversity and the weight of the kernels per ear (Fig. 4) .
The relationship between morphological and molecular distances was signi®cant (r 0.34***). Analysis of the graph (Fig. 5) illustrates that low distances tend to "Pyrenees-Galicia Flint"
be associated whereas the relationship decreases as the distance increases. Some asymmetry can be observed in the sense that morphological similarity can be associated with rather high molecular divergence whereas the reverse was not clearly observed.
Discussion
Morphological variability of European germplasm
This study ®rst con®rmed that traditional European maize populations display a large range of morphological variation with the remarkable exception of kernel texture (¯int) and cob colour (white). High heritability values (higher than 0.6) were observed for most traits. The traits with the highest heritability were kernel width and number of ear rows (Table 2) , as previously observed by Gouesnard et al. (1997) for French populations. The lowest heritability values were observed for tillering, husk leaf length and ear conicity index. The Principal Components Analysis (Table 3) revealed on the ®rst PC a very strong eect of precocity on several morphological traits: plant height, ear height and number of tassel primary branches. This major role of earliness in phenotypic variation is consistent with observations in dierent samples of Spanish and French populations (LlauradoÂ & Moreno-Gonzalez, 1993; Gouesnard et al., 1997) . Further components were determined by traits related to ear shape and kernel shape, plant structure (i.e. tillering and husk leaf length), and tassel traits. The second PC was mostly determined by ear length and tassel length (Table 3 ). These two traits were highly correlated, as were number of ear rows and number of tassel primary branches. These observations are consistent with an homology between ear and tassel, consequent to the origin of the ear from the feminization of a tillering tassel (Iltis, 1983) . The PCA allowed us to distinguish groups with dierent morphological characteristics. In particular, two morphological types were clearly distinct: (i) Southern Spain populations (group SS, Fig. 2 ) consisting of tall and late plants, with few tillers and short husk leaves, and (ii) German and Austrian populations (groups G and A) consisting of shorter and early plants, with many tillers and long husk leaves. Among French populations, we could separate Alsatian populations, consisting of early plants with cylindrical ears, from the others, as was previously observed by Gouesnard et al. (1997) .
The importance of various variables in distance computation was balanced by standardizing the Principal Components. Nevertheless, earliness still played an important role in the classi®cation that was obtained. This is questionable because this trait is highly heritable and can be easily modi®ed by several cycles of selection (Hallauer, 1987 3 , personal com.), so that maize populations with the same genetic background may have dierent earliness. As a consequence, morphological analysis does not seem fully appropriate for the classi®cation of maize populations according to their genetic origin.
Molecular diversity of European germplasm
Despite being restricted to European germplasm, this study showed a high number of molecular alleles (9.59 alleles per locus) when compared to previous studies performed on either lines or populations. Dubreuil et al. (1996) found 5.9 alleles per locus in a large sample of 116 inbred lines and Rebourg et al. (1999) observed 6.6 alleles per locus in a smaller sample of 65 populations. Within-population number of alleles represented only 26% of the total number, illustrating a great contrast between populations. This was con®rmed by a G ST value of 36%, which is very high when compared to the work of Hamrick & Godt (1997) , who observed values of G ST from 23% in allogamous cereals to 59% in autogamous cereals. It also can be noted that our G ST value is higher than that previously found in smaller sets of populations by Dubreuil & Charcosset (1998) and Rebourg et al. (1999) . The signi®cant dierentiation between populations results from the choice of the sample, representative of a great geographical area. An important part of diversity was also maintained between populations within countries (27% of total diversity), which implies limited gene¯ow.
Variation in the number of alleles and diversity within populations was examined in the light of genetic origins (Table 5) . We observed a higher number of alleles in South-Western Europe (7.90 alleles per locus) than in North-Eastern (6.24) and South-Eastern Europe (5.72). Furthermore, populations from North-Eastern Europe encompassed a smaller average within-population number of alleles (2.02 allele per locus) than populations from South-Western Europe (2.78) and South-Eastern Europe (2.53). This variation of number of alleles between North and South of Europe was previously observed by Rebourg et al. (1999) . It is consistent with the facts (i) that South-Western Europe is considered as being the site of most introductions of maize (Gay, 1984) and (ii) that adaptation of maize to Northern and Eastern Europe probably induced a loss of genetic variability, as a result of selection for tolerance to lower temperatures.
Populations with the lowest average number of alleles or diversity originated from Germany. This may be a consequence of an intrinsic narrow genetic basis of German germplasm. However, certain populations appeared close to ®xation for RFLP alleles (number of alleles down to 1.17 and diversity down to 0.051) and it seems more probable that they were multiplied in a manner that favoured inbreeding. Salabounat & Pernes (1986) arrived to the same conclusion concerning some populations originating from Hungary or Czechoslovakia.
Investigation of the relationship between diversity and morphological traits shows that the performance of these populations is clearly aected by inbreeding depression (Fig. 4) . On the other hand, no population displayed a very high number of alleles (maximum 3.5). As a whole, Fig. 4 suggests that the diversity of European maize populations is determined, at least partly, by an equilibrium between genetic drift on the one hand and selection of heterozygotes or allopollen advantage on the other. It clearly illustrates that drift generates in some cases a strong inbreeding depression, that strongly diminishes agronomic performance.
Molecular classi®cation of European populations
We observed a tendency towards a triangular relationship between morphological distances and molecular distances (Fig. 5) , showing that similar phenotypes can be produced in genetically distant populations. This observation is consistent with results on inbred lines and theoretical analyses (Burstin & Charcosset, 1997; Dillmann et al., 1997) . It supports the superiority of molecular data for de®ning groups of populations with similar origins. The best way to classify and describe genetic resources such as traditional maize populations, therefore appears to be a two-step process: ®rst a classi®cation based on molecular data, and secondly a morphological description of each group.
Following this method, we elaborated a classi®cation that distinguishes six major groups that are consistent with the origins of the populations and their morphological characteristics described below.
German Flint' These 22 populations (group A1, Fig. 3 ) are mainly from Germany or Alsace. They are earlȳ owering and small. Tassels have little rami®cation. They have many tillers and long husk leaves. Their ears are long, ®ne and cylindrical, presenting 10 rows on average (from 8 to 14). These populations correspond to the 8±10 row types highlighted by Leng et al. (1962) during the analysis of populations originating from Italy, Yugoslavia, Romania and Hungary. They present a morphological type near to that of Northern Flint described by Brown & Anderson (1947) . This group also includes some populations of the type`broad ears with 8±12 rows' characterized by shorter and broader ears, but strongly resembling type`8±10 rows' (Edwards & Leng, 1965) .`N orth-Eastern European Flint' These 30 populations (group A2, Fig. 3 ) are from very diverse origins, mainly from France, but also Spain, Portugal and several Eastern European countries (Poland, Hungary, Yugoslavia, Czechoslovakia, Ukraine). They are of intermediate earliness and have many tillers. Their ears are long, cylindrical and consist of a variable number of rows (8±18).
Southern European Flint' These 24 populations (group B1a, Fig. 3 ) originate from various countries principally of Southern Europe (southern Spain, Italy, Bulgaria). They are late, tall, and have rami®ed tassels. They have few tillers and short husk leaves. The ears are large, conical, with 12 rows on average. The kernels are much lengthened but not very broad.
Italian Orange Flint' This is a rather homogeneous group (group B1b, Fig. 3 ), made up of 16 populations mostly originating from Italy, with some others from southern Spain. The populations are late, with rami®ed tassels. They have few tillers and short husk leaves. The ears are short, conical, with many rows (from 8 to 22, on average 13) and very small kernels. This type of population seems to correspond to the type`¯int with small kernels' de®ned by Leng et al. (1962) during the study of South-Eastern European corn.
Czechoslovakian type' This group (group B2a, Fig. 3 ) includes only two Czechoslovakian and one German population. The populations are early, small, with poorly rami®ed tassels. They have many tillers and long husk leaves. The ears are ®ne, cylindrical and consist of eight rows with few kernels. The kernels are broad, but short. This is a rather peculiar group, as the populations present morphological characteristics close to the populations of the groups`Germany' and`North-Eastern Europe', but they are distantly related at the molecular level.
Pyrenees-Galicia Flint' This group (group B2b, Fig. 3 ) consists of 36 populations. It can be divided into two very homogeneous subgroups, one comprising the populations from Galicia, the other populations from the Pyrenees (French and Spanish) and other regions from France. The populations are early, but tall, and have short husk leaves. Their ears are short, conical, and very broad. They have an average number of 12 rows (from 10 to 18) with very large kernels. During the morphological analysis of the collection of French populations, Gouesnard et al. (1997) also highlighted à Pyrenean type' made up of early populations with broad kernels. During a morphological analysis of Spanish populations, LlauradoÂ & Moreno-Gonzalez (1993) classi®ed the populations of northern Spain into only one race. By isoenzyme analysis, LlauradoÂ et al. (1993) observed dierences between Galicia and Cantabria. The populations analysed here originate from Galicia and Asturia, and are close at the molecular level. Similar populations were described in Portugal under the name of`Conico' (Costa- Rodrigues, 1971) .
Conclusion
This study illustrates the potential of molecular markers for the large scale analysis of genetic resource collections, in addition to morphological descriptors. The molecular analyses were performed by RFLP analysis of DNA bulks. This technique enabled us to highlight in this European collection a great genetic diversity and a strong dierentiation between populations. The analysis of bulks does not allow the estimation of heterozygote frequency, which can be prejudicial for population genetics approaches. However, it remains to date the most eective tool for the RFLP diversity analysis of a signi®cant number of populations.
The main limitation of this technique is the number of suitable RFLP probes. It would therefore be interesting to develop other markers suitable for the analysis of DNA bulks. In particular, the use of the microsatellite markers could be interesting because of their higher polymorphism, lower cost and potential for automation. These markers should also facilitate the de®nition of an international`standard'. This would help to compare results from analyses performed in dierent laboratories. Ultimately, it would also be interesting to develop markers within genes of known function.
The methodology which appeared as the most eective to us for the analysis and the description of large collections of genetic resources, was a two-phase process: ®rstly, a molecular study leading to the de®ni-tion of closely related groups at the DNA level; secondly a morphological study and description of the populations from the various genetic groups. We could de®ne six genetic groups for European maize populations. These dierent groups can be referred as European races. Nevertheless, some questions remain, in particular for countries which were under-represented, or not represented at all in our study. In particular, it would be interesting to gain information concerning the Portuguese material, and to study other populations from Eastern Europe to better characterize the material here de®ned here by only three populations. A project associating various European laboratories and coordinated by INRA at Montpellier is currently under way (web page http://meleze.ensam.inra.fr/gap/resgen88). In addition, the various European races de®ned here, lead to questions about their origins. These races could result from a common origin and have diverged during the adaptation of maize in Europe. However, it seems more probable that they have dierent origins. The joint analysis of European and American germplasm should make it possible to identify American races closest to the various European races, and to make conclusions about the introduction of maize into Europe (Rebourg, 2000) .
